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1-üRhWORD 

This report is one of a series of related papers covering various aspects of a 

broad program to Investigate the flow-field variables associated with hypersonic- 

velocity projectiles in free flight under controlled environmental conditions. The 

experimental research is being conducted in the Flight Physics Hange of GM 

Defense Research Laboratories, General Motors Corporation, and is supported 

by the Advanced Research Projects Agency under Contract No, DA-01-021-AMC- 

11359(Z). It is intended that this series of reports, when completed, will provide 

a background of knowledge of the phenomena involved in the basic study and thus 

aid in a better understanding of the data obtained in the investigation. 
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ABSTRACf 

A previous report, Part I »nder this same tttle, established a reaction kinetic 

model for wake ionization. In the present report, the eüects of flight speed and 

i ambient pressure on integrated wake electron densities are investigated for 
nonablating spheres 15mm in diameter. The kinetic model and simplified flow- 

field description developed in Part I are used to calculate integrated electron 

densities for velocltlea between 18 and 22 kft/sec and ambient pressures in 
the range from 3 to 100 torr. Previously reported experimental results obtained 

with microwave diagnostics on a free-flight range are used to test the validity 
of the adopted model. The observed dependences upon velocity and pressure 

are recovered Li the calculations within the combined accuracy of theory and 

e::periment. 
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I.  INTRODUCTION 

A fluid dynamic and chemical kinetic model for describing near wake lonization 

behind blunt bodies was eetabllshed in the first report of this series.       A 

single flight condition typical of many laboratory flight tests at GM Defense 
Research Laboratories was chosen for this purpose. In the present work, the 

stutfy is extended one step further in order to test t!*e adequacy of the simplified 

model over a wide range of flight conditions. 

The physical content of the theory will be reviewed only briefly here, since, the 
computer code,'*^ the rationale of the nonequilibrlum chemistry^ ' and the source 
of the experimental datav ' are described completely In earlier reports. Inviscld 

nonequilibrlum calculations for the axlsymmetrlc shock layer are used to initiate 

the solutions around the nose oi. the body. At angles beyond the termination oJ 
the shock layer segment chosen, frozen shock conditions are calculated. Using 

the conditions along the final ray of the nose-cap shock layer and along the 
frozen shock locus, a series of streamtube Integrations is Initiated to continue 

the solution Into the wake. Inviscld convection Is assumed for the near wake, 
preluding the need for transport calculations. An 8-specles-by-lC reaction air 

kinetic ni ctel is assumed to describe the composition changes. Only one of the 

reactions involves charged species. 

A separate computer code processes the flow-field outputs to generate the trans- 

verse integrals of electron density, which is an experimentally measured quantity 
directly obtained on the GM DRL free-flight range,   ' Focused transverse micro- 
wave probe Instrumentation Is employed for the measurements.   ' Although radial 

distributions are obtained both in the measurements and the calculations, f xcir 

consideration  J deferred to a later report. 

i 

* Raised numbers In parentheses Indicate references, listed at the end of this 
report. 
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In the remaining sections of this report the predictions are tested aminst tha 

c^servations of wakes behind IS-mm-diameter niHia^iailrs^ sf^teres at flight 
speeds between 18 and 22 kit/sec. The velocity depsndenee most dlrecUy 

reflects the Influence of tentjperature leva!. T'^nce, the co?      i specification 

of energy barriers along the various reaction pashs if «ubjecied to exaitaination. 
Overall collision order in the reaction scheme is reflected by the preaswre 

dependence at a constant flight speed. Moreover, thia varSation is tadicatlvt 

of behavior over the flight trajectory ot a full-scale vehicle entering the 

upper portions of the earth's atmosphere. 

miwmi iimi\mimt!ßm^amm*a 
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11. DEPENöENCi Of WAKF lONJZATION ON FLIGHT VELOCITY 

Tracing the history oi a fluid eleßsent throagh a bluuit-body flow field, we see a 

compression pulse in the shock layer and n«a»*-wake. The corresponding tempera- 

ture levels are infiuenced by the thermal reco%       of flow kinetic energy opposed 

by the drain of energy from translational idodes into Intersil and chemical roo^es. 

Because of the combined essponentlau temperature dependences of the endothermlc 

initial reactions, the incubation of observables is strongly dependent on tempera- 
tures (and, therefore, velocity of flight). The sensitivity of the dependence is 

blunted somewhat by the progress of the reactions, whichtendto quench themselves. 

In the experiments, sab-scale flight tests in a laboratory range are conducted at 

constant ambient pressures which may be accurately fixed. In contrast, the 

velocity of flight is not as easily preset. A common procedure, therefore, has 

been to obtain a series of measurements at fixed environmental pressures, but 

at velocities which are systematically varied from flight to flight. 

The physical significance of the velocity dependence and the experimental con- 
venience in obtaining it are two reasons for selecting this as an initial test of 
the physical model evolved in Reference 1. An ambient pressure oi 10 torr has 
been chosen because a major portion of the data was obtained at that condition. 
Hence, a high level of confidence may be attached to these experimental points. 

Figure I shows comparisons between measurements and predictions for integrated 
wake ionlzatton as a function of flight speed. At each axial station plotted (x/d = 
3, 10, 20, and 100), the theoretical predictions follow the measured values 

remarkably well considering the extreme simplifications introduced ii the 
computational model. At 100 sphere-diameters back In the waks, the levels 
predicted are approximately half these measured. It will be recalled that these 

measurements are near the sensitivity limit. The predictions are subject to the 

combined uncertainties of the rate data and mechanisms used a   input data. 
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ML OEPBWOCE OF WAKE lONIZAT'ON ON AfViStO-JT PRESSURE 

(3) By cross-plotting the mean curves of experimental data/ ' <aie csui obtain the 

variation of waks iCBii/atlsn with pressure at fixed values of flight speed and 

axial (^stance. This set of constrains is rejaresentative o' the history of an 

actiial reentry trajectory; that is, if we neglect velocity decay we car. imagine 

that such a plot represents the rise of vate Ionisation during the descent of a 

vehicle into the atmosphere. In addition to this, the pressure dependence provides 

a check on the overall reaction order arising in the kinetic   bsumpiions. 

Figures 2 through 5 show the variation of integrated electron density with ambient 

pressure for a flight «pegd of 21.5 kft/sec. Each figure contains information for 

some particular station in the wane; conditions at values of 3, Id, 50 and 100 

sphere diameters are shown, respectively. Although present experimental practice 

permits routine flight testing at considerably Iiigher velocity, the above value was 

chosen on th* basis of the large amount of data available in Reference 3. Moi-eorer, 

the pressure range shown (3 to 100 torr) is broad enough to constitute a rather 

severe test of. the theoretical model. The predicti' as fail hugely within the 

eKperimentai data until the SO-diamettr statical is «eached (Figure 4). In this 

region ths predictions begin dropping below the scatter band, although the shapes 

of the curves compare well. 

Two possible refinements in the theory would be to» addition of attachment and 

dilution by mixing. Each of these changes would depress the electron «tensity 

stMi further at the iai ger valueb of x/d. It may be argued also that retention 

of the lower-bound shock-tube rate coefficient for dissociative recombination 

would reneiva the differences in the region 50 to 100 diatneters back. Heferaace 1, 

öowever; ahowp that this change wowla put the region from 0 to 50 «ftametere or 

of agreement. Such considerations involve factors of two in ioaizatio'i levels. 

Because of the extreme simplifications in the wake model and die uncertainties in 

input rate da£a, such further alterations are probably not warranted. 

■■■"—■— -■—.——■*■—. — -   . 
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Figure 4 Predictions and Measurements of Preswire Dependence at a 
Flight Velocity of 31.5 kft/sec, x/d = 50 



^=. =7——-a^-^ 

CM esreMSK R-lssftHeH ^ABOR A renits $   «tfi £ S ä i,   seTSBS   6 @ if ^0IIA TteH 

TS63-QIQ 

W:: 

4 

z 
o to" 

T—J—I - I   i  i i I 

x/dslOO 

I        I    T  »Mt I 

IXFERIMENTAL RESULfS 

/ 
y 

IQ^t, , H 1,1   1..LJJL 
!0 

THEOR*TICAl 
WAKi 

CALCULATIONS 

J 1—J   I   I if S, 
100 

AMBIENT FiESSUHE - torr 

Figure S Predicticais and Measureaients di Pressure Ctepenelence at a 
Fli^it Velocity of 21.5 felt/sec, a/d » 100 

'-". ^-- '■''       - -    ■ -  



tms-m 

Regarding the questions of applicability to {oil scale and the reaeticm order, a 

brief digression is hslplul at this point. Preriously reported experUnents^ ^ oo 
scaling of wake ionization shed light on both questiuna. Briefly we can sumnmrize 

the results of Reference 6 by the observation that binary reaction scaling* * is 
valid for near-wake ionization over a significant regime of flight conditions. Values 

of the pressure-diameter product were increased to 750 torr-mm before a factor- 

of-two deviation appeared between the 5-mm and the IS-mm nonablating-sphere 
results for a flight speed of 19 kft/sec. First, this indicates that the integrated 

electron densities observed are predominantly determined by a system of binary 

reactions; and, second, it assures us that the pressure-dependence curves 

presented here do Indeed relate directly to reentry wake histories because of 

their scalability. Owing to complex interactions between temperature and 
pressure in the flow field, the second-order nature of the reaction system 

cannot be expected to manifest itself as a line having a slope equaling two. 

Having examined these general properties of the curves in Figures 2 through 5, 
we shall now turn to a direct physical interpretation of their shapes. An interesting 

feature of both theoretical and experimental results is the apparent plateau of 

ionization level in the neighborhood of 10-torr pressure. Since the electron density 

integral is the binary scaling analogue of the radiant emission per unit area, it 
may seem plausible to expect a wake ionization plateau corresponding to the well- 

known stagnation radiation plateau. Although it is not possible to disprove this 

hypothesis, the results of the binary scaling experiment!* do not seem to support 
it. The termiimtion of the plateau should correspond to the scaling limit if the 

analogy holds true. In fact, binary scaling is valid' ' for pressures well in excess 

of 10 torr for 15-mm-diameter spheres. 

An alternative explanation may be derived from considerations of iha noneqaliibrium 

overshoot following the shock wave. At high pleasures, the recombination will 

follow local equilibrium more closely than at low pressures because of high 

collision rates. Decreasing pressure decreases density to a point where the 
reverse reaction can no longer track local equilibrium. The saturation phenomenon 

iO 
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associated with these low coUlslon rates manifests iteelf as a AoeS: ware oyershoot 
of iordzation le-rel froaen into the flow far back into the wake. Further credence in 
this explanation is lent by the fact that at lower velocities   the plateau becomes fer 
less diBtinct. This is in agreement with the observation that at lower velocities the 
overshoot becomes far less distinct in a shock-wave reaction zone. 

I 

11 
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IV. COLLUDING REMARKS 

The dependence of wake lonizatior. on both üigjrt velocity and ambient pressure 
hag been studied lor iä-inni-utaüMStcr spheres in hyneraonlc fiisht. Eisueriraentai 

measurements and theoretical predictions are in harmony for the range of 

velocities (18 to 22 kft/ses) and pressures (3 to 100 torr) considered in the 
investigation. Very good agreement is obtained for the first 50 diameters cd 

wake when Integrated electron densities are compared. Between 50 and 100 
diameters, predictions fall approximately a {actor of two below the experimental 
scatter band. It appears that this overall degree of consistency between observa- 
tions and computed values supports the physical validity of the assumed theoretical 

model for a broad range of technically significant conditions. 

In particular, the agreement for flight-velocity dependence verifies the assumed 
emperatore factors In the analysis. Activation energies end pre-exponential 

temperature functions must be correct, In the large, to explain the results 
presented, variations In wake lonlzatlon with pressure show that the molecularlty 

or collision order of the various kinetic steps must have been specified properly 

in the calculations. It is Intended that these conclusions Imply that the principal 

uncertainties to be resolved lie in the chemical kinetic content rather than in 

the aerodynamic content of the model. 

Thus, the inviscid stuck layer solution feeding Invlscld convection wake calculations 

apparently contains enough of the physical aspects to predict successfully the 
Integrated electron densities In near wakes. The 8-8pecleg~by-10 reaction kinetic 

matrix for airflows seems to be sufficiently detailed to provide an adequate chemical 

description combining the proper heat-bath history with the correct global lonlza- 

tlon kinetics. Further tests of the model can be derived from studies of radial 

lonlzatlon profiles and the limits of binary scaling in the w.\ke. 

12 
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